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ABSTRACT 


This  report  reviews  and  evaluates  the  Fluid  Dynamics  Panel  AGARD  Symposium  entitled  “Aerodynamics  of  Hypersonic 
Lifting  Vehicles"  held  6—9  April,  1 987  in  Bristol,  UK.  The  purpose  of  the  Symposium  was  to  assess  the  technology  status  in  the 
field  of  hypersonics  after  a  comparative  lull  in  the  past  decade.  The  author  addresses  each  of  the  papers  separately  and  makes 
general  comments  on  the  5  major  topic  sessions.  The  limitations  of  iest  facilities  for  experimental  studies  at  high  Mach  numbers 
were  clearly  evident.  New'  developments  in  computational  fluid  dynamics  provide  possibilities  that  did  not  exist  in  the  past.  The 
reviewer  stressed  the  areas  that  need  special  emphasis  in  the  future.  The  papers  presented  at  the  Symposium  are  published  in 
AGARD  Conference  Proceedings  CP-429  and  arc  listed  in  an  Appendix  to  this  report. 


RESUME 

Le  present  rapport  passe  en  revue  et  evalue  le  symposium  AGARD  organise  par  le  Panel  de  Dynamique  des  flu  ides,  du 
6  au  9  avril  1 987  a  Bristol  en  Grande  Bretagne  sur  le  theme  “L'Aerodynamique  des  vehicules  sustentes  hypersoniques". 
L'objet  du  symposium  a  etc  d’evaluer  l'etat  de  1' an  dans  le  domaine  de  Unperson iquc.  apres  faccalmie  relative  de  cette 
derniere  decennie.  L’auteur  traite  chaque  presentation  separement,  rn  faisant  des  eommentaires  sur  les  cinq  grands  themes 
de  discussion.  Les  limitations  des  moyens  d'essai  a  mach  eleve  prevus  pour  les  etudes  experimentales  sont  clairement 
demontrees.  Les  recents  developpements  dans  le  domaine  du  calcul  en  dynamique  de  fluides  ont  cree  de  nouvelles 
possibilites.  Le  rapporteur  met  faccent  sur  les  domaines  qui  meriteraient  une  attention  particuliere  a  Lavcnir.  Les 
presentations  donnees  lors  du  symposium  sont  publiees  au  Compte-rendu  de  conference  CP-429  et  dies  sont  eualement 
mention nees  en  annexe  au  present  rapport. 


60th  MEETING  OF  THE  FLUID  DYNAMICS  PANEL  SYMPOSTUM 
ON  AERODYNAMICS  OF  HYPERSONIC  LIFTING  VEHICLES: 
TECHNICAL  EVALUATION  REPORT 

by 

Seymour  M.  Bogdonoff 
Princeton  University 

Department  of  Mechanical  and  Ar ; ospace  Engineering 
Gas  Dynamics  Laboratory 
Princeton.  NJ  08544  PSA 


S  ummary 

"Aerodynamics  of  Hypersonic  Lifting  Bodies'*  was  the  topic 
of  the  60th  Meeting  of  the  Fluid  Dynamics  Panel  of  AGARD,  held 
in  Bristol,  P.K.  in  April  1987.  The  status  of  work  on  hyper 
sonies  was  revealed  by  the  many  good  papers  on  high  speed 
aerodynamics,  but  only  a  very  limited  contribution  to  key  areas 
of  hypersonic  flight.  The  limitations  of  facilities  foi 
experimental  studies  at  high  Mach  numbers  and  the  emphasis  on 
computation  versus  analysis  was  very  noticeable.  The  Reviewer 
summarizes  the  papers,  comments  on  the  overall  program,  and 
makes  some  suggestions  for  further  conferences  in  the  area  of 
Hype  rson i r  Ae rodynam i <  s . 

1.  INTRODUCTION 

The  60th  Meeting  of  the  Fluid  Dynamics  Panel  was  held  from  the  hth  to  the  9th  of  April,  1987,  in 
Bristol,  U.K.  The  main  topic  was  a  major  symposium  on  the  "Aerodynamics  Hvpersonie  Lifting 
Vehicles,"  which  look  place  in  the  facilities  of  Bristol  University.  The  program  committee, 
Appendix  A,  developed  the  following  theme: 

"Through  the  post  Apollo  reduction  of  the  space  effort  in 
the  USA  and  most  other  western  countries,  the  subject  of 
hypersonic  aerodynamics  has  been  neglected  in  favor  of  more 
pressing  needs  in  areas  like  transonic  aerodynamics.  New 
developments  on  both  sides  of  the  Atlantic  place  both  the 
facilities  and  the  qualified  personnel  for  hypersonics  in  very 
strong  demand  again.  This  is  mainly  because  of  the  renewed 
strong  interest  in  space  applications  such  as  space  stations, 
atmospheric  braking,  reentry  vehicles,  t ransatmosphcric 
aircraft,  etc. 

This  meeting  will  review  f  he  work  of  t  host'  centres  that 
remained  active  in  the  quiet  years  of  hypersonics,  and  will 
discuss  the  new  scope*  of  applications.  In  particular,  the 
topics  of  the  meeting  will  include  simulation  methods,  measure 
ment  techniques,  lifting  body  aerodynamics,  control  surfaces, 
plume  flows,  propulsion  devices,  missiles,  and  vortex  forma¬ 
tion.  The  high  supersonic  speeds  down  to  Mach  numbers  of  9  and 
the  transitional  regimes  between  continuum  and  free  molecule 
flow  will  also  be  included." 

The  symposium  covered  four  days,  including  a  half  day  of  tours  at  either  the  Rolls  Rmvc**  or 
British  Aerospace  Facilities  located  near  Bristol.  The  Symposium  was  organized  covering  five  major 
topics : 

Session  I  Facilities 

Session  TI  -  Experimental  Investigations  and  Techniques 

Session  TIT  Propulsion 

Session  IV  Computational  Fluid  Dynamics  ICFPi 

Session  V  Vehicles /Design 

The  full  program  is  given  in  Appendix  B  (Paper  #19  was  unfortunat el y  withdrawn).  The  Propulsion 
Session  was  quite  brief  with  only  four  scheduled  papers  (including  the  one  which  was  withdrawn'. 
The  Computational  Fluid  Dynamics  Session  was  divided  into  two  parts:  the  first  focused  on  viscous 
flows,  the  second  on  inviscid  flows.  The  session  on  Vehicles/Design  was  also  given  in  two  parts: 
the  first  concerning  waver iders  and  flight  mechanics,  while  the  second  part  presented  the  data  bast* 
established  by  the  groups  at  Wright-Field  in  the  USA,  British  Aerospace  in  Bristol,  U.K.,  and  RAE  at 
Bedford,  11. K.,  as  well  as  two  presentations  on  major  current  projects,  Hermes,  AMD  RA,  St.  Cloud, 
France  and  H0T0L,  British  Aerospace  PIC,  Bristol,  U.K. 

2.  GENERAL  COWFNTS 

The  planning  and  organization  of  the  meeting  was  very  well  undertaken.  The  timing  of  the 
meeting  was  particularly  appropriate  and,  to  the  author’s  knowledge,  was  the  first  time  in  many 
years  that  AGARD  has  had  a  meeting  devoted  to  the  topic  of  hypersonics.  The  attendees  covered  a 
wide  range  of  background,  experience,  and  age.  There  was  a  small  group,  generally  physically 
defined  as  "white  hair  or  no  hair",  who  had  worked  on  I  he  programs  of  hypersonics  during  the  1960’s 


and  60's.  The-e  was  a  much  smaller  group  of  people  who  have  worked  on  hypersonios  during  the  last 
fifteen  years.  There  was  n  significant  group  of  younger  people  who  are  now  deeply  involved  in 
hypersonics,  but  have  had  only  limited  exposure  time  and,  in  some  rases,  not  a  very  good  knowledge 
of  what  had  taken  plate  in  the  major  programs  of  the  past.  The  Symposium  provided  an  ext  el  lent 
vehicle  for  "mixing"  of  the  attendees.  The  program,  as  defined  bv  the  "Theme"  of  the  meeting,  was 
very  well  organized,  but  showed  a  clear  influence  of  the  significant  hiatus  of  research  in  this 
field  over  the  past  fifteen  years.  There  were  many  excellent  papers  in  the  high  speed  aerodynamics 
area,  hut  rather  limited  contributions  whi(  h  were  focused  on  key  problems  of  hypersonic  flight.  The 
limitations  of  facilities  for  experimental  data  at  high  Mach  numbers  and  the  emphasis  on  computation 
versus  analysis  was  quite  striking. 

In  the  following  sections,  brief  comments  about  the  papers  in  each  session  are  presented, 
followed  by  some  general  observations.  The  Technical  Evaluation  Report  continues  with  conclusions 
drawn  by  the  reviewer,  including  comment s  on  the  need  for  a  hypersonic  "overview." 

3.  SYNOPSIS  OF  THE  PAPERS 

3. 1  Session  I  -  Facilities 

The  four  papers  in  this  Session  were  primarily  concerned  with  discussion  of  hypersonic  fr.  i l 
ities.  The  first  two  papers  were  surveys  of  the  facilities  in  North  America  and  in  Europe. 
last  two  papers  were  concerned  with  two  specific  facil  it  us. 

PAPER  1.  WITLIFF  surveyed  the  current  state  of  hypersonic  wind  tunnels  in  North  America  and 
outlined  their  general  performance  characteristics.  The  current  capability  was  compared  to  that 
available  in  the  1960's  and  7CTs.  Most  of  the  facil ities  were  located  in  the  United  States  with  one 
facility,  a  gun  tunnel,  located  in  Canada  (re  activated  after  some  years  of  non  use).  The  decline 
in  the  capability  was  very  significant.  Two  areas  were  particularly  singled  out  as  weak:  a)  high 
enthalpy  facilities,  primarily  for  the  study  of  real  gas  effects,  and  b)  high  Mach  number,  low 
density  facilities  aimed  at  the  p  oblems  of  the  high  altitude  flight  regime.  The  typical  charts  of 
Mach  number  vs.  Reynolds  number,  and  velocity  vs.  altitude'  for  possible  vehicle  flight  paths  writ- 
shown  and  compared  to  the  available  capacity  to  demonstrate  th<  clear'  lack  of  ability  to  duplicate 
significant  regions  of  hypersonic  flight. 

PAPER  2.  WENDT  presented  a  review  of  the  facilities  available  jn  Western  Europe.  He  started 
with  a  review  of  the  requirements,  which  was  an  important  contribution  to  the  perspective  <>f  the 
meeting,  and  then  went  on  to  discuss  the  present  situation,  the  gaps,  and  some  suggestions  for 
future  facility  development.  Wendt  pointed  out  that,  in  the  Mach  number  6' 12  range,  Mach  number- 
Reynolds  simulation  is  probably  adequate.  Tn  the  hyperveloci ty  region,  real  gases  are  important, 
and  chemical  reactions  become  a  key  factor.  This  requires  the  duplication  of  the  dimensional 
variable's  of  density  times  length  and  velocity.  In  the  rarefied  regime,  t ho  effects  of  mean  free 
path  become  important.  He  also  noted  the  effect  of  wall  temperature  to  freestream  temperature 
ratio,  which  has  an  important  effect  on  boundary  layer  thickness  and  the  state*  of  the  boundary 
layer.  He  referred  also  to  requirements,  that  were  detailed  mote  than  a  decade  ago,  which  have  not 
been  satisfied  by  the  work  over  the  past  decade.  He  pointed  out  the  def iciencios  in  the  capabili 
ties  at  Mach  numbers  above  10,  particularly  the  velocity  enthalpy  limitations  of  current  facilities 
and  the  need  for  "quiet"  facilities  for  boundary  layer  studies. 

PAPER  3.  CONSrGNY,  PACOU,  PAPTRNYK  and  CHEVALIER  discussed  the  reconstruction  of  the  arc  heater 
for  a  hypersonic  tunnel  designated  as  R6CH.  This  tunnel,  which  was  operational  many  years  ago,  has 
been  shut  down  for  some  time.  The  detaiLed  re-design  of  a  new  heater,  which  would  ptovite  a 
significant  capability  at  high  Mach  numbers  and  high  enthalpy,  was  discussed.  The  operating 
characteristics  of  this  tunnel  and  the  requirements  for  the  flight  of  several  vehicles,  particularly 
Hermes,  show  that  some  significant  part  of  the  flight  path  can  be  duplicated  by  the  proposed 
facility  in  the  Mach  number  range  of  about  12  to  20.  This  tunnel,  which  is  designed  to  operate  up 
to  50  bars,  would  operate  at  a  level  of  about  50  megawatts  and  would  provide  test  times  of  several 
seconds,  a  set  of  characteristics  which  would  enable  a  significant  contribution  to  the  data  base  for 
hypersonic  flight.  A  new  heater  will  probably  generate  a  considerably  enhanced  flow  quality  as 
compared  to  the  heaters  of  the  past,  but  the  flowfield  details  have  to  be  examined  with  great  care 
to  assure  that  this  flow  quality  is  well  defined. 

PAPER  4.  STALKER  discussed  his  extensive  work  in  the  application  of  the  free  piston  shock  tunnel 
in  simulation  of  real  gas  effects  for  hypersonic  flight.  He  emphasized  the  simulation  of  stagnation 
enthalpy  and  the  binaty  scaling  parameter.  Based  on  his  extensive  experience,  he  discussed  the  free 
piston  reflected  shock  tunnel  and  the  limitation  of  this  facility's  testing  time  with  enthalpy 
increase.  He  then  presented  some  exploratory  data.  He  showed  how  to  avoid  the  limiting  radiation 
loss  by  considering  a  non  reflecting  mode  which  allows  higher  values  of  the  binary  scaling  parameter 

but  at  the  cost  of  considerably  reduced  test  time.  The  non-reflecting  mode,  with  prior  steady 

flow  developed,  opens  new  possibilities  for  obtaining  data  in  an  area  not  here- to  fore  explored.  Ho 
gave  several  examples  of  data  obtained  in  this  region,  and  also  discussed  a  method  of  simulating  the 
combustion  process  by  a  variation  of  the  free  piston  shock  tunnel. 

General  Comments  on  Sessional 

Although  Papers  1  and  2  gave  some  general  review  of  the  requirements  for  hypersonic  flight,  the 
discussions  were  primarily  concerned  with  full  simulation  of  flight  conditions.  Paper  4  had  a 
somewhat  more  limited  view,  but  none  of  the  papers  considered  the  part ial  simulation  with  high 
resolution  which  is  required  for  CFD  validation  and  for  fundamental  understanding  of  the  physics  of 

the  flows.  There  was  also  no  discussion  of  the  connection  of  facility  testing  to  actual  flight 

conditions.  This  is  a  major  gap  in  the  discussion  of  facilities  for  the  new  emphasis  on  hypersonic 

research.  There  is  a  critical  need  for  the  detailed  flight  results  to  check  the  validation  of 

facilities.  Although  this  has  been  done  to  some  degree  for  blunt  bodies,  the  Mach  number  Reynolds 


number  -  stagnation  enthalpy  simulation  for  "hypersonic  aerodynamics"  is  far  from  adequate. 
Conditions  of  the  boundary  layer  and  wall  cooling,  with  teal  gases,  are  areas  in  which  the  data  is 
very  sparse  or  not  available  at  all.  The  need  for  this  simulation  was  a  major  lack  in  the  facilities 
discussion. 

3 . 2  Ses s i  on  1 1  -  Experimental  In vest  1  gat  ions  and  Tec^n 1  <lues 

This  Session  consisted  of  ceven  papers  primarily  concerned  with  aerodynamic  studies  and  covering 
a  range  of  Mach  numbers  as  low  as  2.4,  with  some  results  at  Mach  20.  Several  of  the  papers  were 
primarily  "technique"  oriented,  while  others  present  significant  data  sets.  Unfortunately,  several 
of  the  papers  are  at  low  enough  Mach  numbers  that  there  is  some  question  as  to  whether  hypersonic 
effects  are  important.  The  two  last  papers  considered  tow  density  problems  in  the  Mach  number  of 
10  20  range. 

PAPER  5.  OWEN  gave  an  excellent  discussion  of  the  techniques  required  to  carry  out  turbulence 
studies  in  continuous  tunnels  in  the  Mach  6  range.  He  used  hot-wires  of  both  the  constant  current 
and  constant  temperature  type,  and  compared  the  results  with  LDV  studies  with  significant  discus¬ 
sions  about  particle  paths  and  particle  generation.  The  emphasis  of  the  paper  ras  on  the  require¬ 
ments  that  must  be  satisfied  to  get  good  data  in  this  crucial  area.  The  paper  presents  probably  the 
only  discussion  of  this  problem  at  a  Mach  number  as  high  as  6,  and  included  discussion  of  the  data 
acquisition  system  and  data  reduction  techniques.  It  also  provided  a  comparison  of  data  obtained  in 
the  NASA  Ames  facilities  at  Mach  7  with  the  primary  results  of  the  paper  obtained  at  the  AFWAL 
tunnel  at  Mach  6. 

PAPER  8.  The  paper  by  HUNWEL  was  presented  by  HORNUNG.  It  consisted  of  a  summary  of  an 
extensive  series  of  tests  being  carried  out  in  the  hypersonic  gun  tunnel  by  the  Braunschweg  group. 
The  tunnel  has  been  in  operation  since  the  mid-60’s  and  the  current  paper  considered  two  key 
geometries:  a  blunt  body  with  subsonic  blowing  at  the  stagnation  point,  and  the  flow  in  a  corner  of 

variable  angle  formed  by  plates  with  various  sweep  angles.  The  extensive  data  included  pitot 
surveys,  wall  pressure  distributions,  wall  heat  transfers,  and  wall  flow  direction  from  surface 
visualization.  The  paper  presents  an  excellent  data  set  which  was  compared  with  computations  for 
the  blunt  configuration  and  used  to  construct  a  proposed  flow  structure  of  the  corner  configuration. 

PAPER  7.  DOLLING  and  NARLO  presented  an  excellent  paper  on  a  unique  parameter  not  discussed  by 
any  other  paper  in  the  Symposium.  It  considered  the  unsteady  phenomena;  the  shock  boundary  layer 
interaction  at  a  Mach  number  of  5.  Using  a  cylinder  mounted  vertical  to  a  wall,  the  interaction  of 
the  shock  structure  and  the  turbulent  boundary  layer  was  studied  by  extensive  high  frequency  wait 
pressure  measurements  and  detailed  analysis.  Particular  emphasis  was  placed  on  the  algorithms  used 
in  the  data  reduction  and  the  paper  proposes  a  general  model  of  the  interaction  to  explain  the  low 
frequency  unsteadiness  of  the  phenomena. 

PAPER  8.  EOMISON  and  STOLLERY  presented  a  study  of  a  glancing  shock  wave  turbulent  boundary 
layer  interaction.  Detailed  wall  pressure  distribut ions  and  surface  flow  visualization  were  used  to 
construct  possible  flowfield  structures  and  streamline  patterns.  The  effect  of  sweep  and  bluntness 
on  the  extent  of  the  disturbed  flow  and  the  pressure  levels  were  examined  in  detail.  Th»*  entire 
study  was  carried  out  at  a  Mach  number  of  2.4. 

PAPER  8.  JAEGGY,  KOENEKE  and  KOERBER  described  the  development  of  a  new  ultra  high  speed  flow 
visualization  terhnique  which  was  originally  developed  for  the  study  of  transition  of  hypersonic 
wakes.  The  current  extension  of  the  technique  permits  a  repetition  rate  which  can  be  used  for 
extensive  studies  of  time  histories,  as  well  as  holographic  techniques.  Some  excellent,  examples  of 
the  capability  of  the  system  were  demonstrated. 

PAPER  10.  RHYS  JONES  presented  a  significant  data  set  on  a  series  of  tests  of  cones  at  a  Mach 
number  of  about  10  in  the  RAE  low  density  tunnel.  The  tunnel  uses  pure  nitrogen  as  a  test  gas.  The 
tests  were  very  carefully  carried  out  to  obtain  results  of  sufficient  accuracy  to  permit  correla¬ 
tions  to  be  evaluated.  It  provides  an  excellent  set  of  data  in  the  rarefied  region,  where  Knudsen 
numbers  are  important,  and  provided  the  data  base  for  a  subsequent  paper,  number  19,  with  regards  to 
computat ion . 

PAPER  11.  KOPPENWALLNER  discussed  a  series  of  tests  in  the  low  density  regime  at  Mach  numbers 
of  7  and  20  in  the  DFVLR  hypersonic  vacuum  tunnel,  V1G,  and  in  the  Ludwieg  tube  tunnel  at  Gottingen, 
for  somewhat  higher  Reynolds  numbers  at  Mach  numbers  of  about  7  and  10.  The  paper  explains  the 
problem  of  determining  the  pitching  moment  of  vehicles  in  the  transitional  range.  It  used  the 
shuttle  results  and  a  series  of  cone  studies  to  show  the  center  of  pressure  forward  shift  was  not 
due  to  chemical  reactions,  but  rather  to  the  combination  of  free  molecular  and  continuum  flows  over 
different  parts  of  the  body.  The  paper  provided  an  excellent  framework  to  show  that  studies  in  the 
transitional  region  are  not  necessarily  approximated  by  looking  at  the  results  in  either  the  free 
mo locular  or  the  continuum  regime. 

General  Comments  on  Session  H 

Several  of  the  papers  did  not  consider  problems  of  hypersonic  aei  Studies  of  Mach 

number  of  2.4,  without  any  reference  to  Mach  number  effects,  although  useful  in  general  aerodynamic 
studies,  were  not  particularly  pertinent  to  the  hypersonic  problem.  All  of  the  aerodynamic  studies 
at  high  Mach  numbers  were  purely  aerodynamic,  and  did  not  include  any  effects  of  chemistry  or  even 
suggested  what  the  effects  of  chemistry  might  be.  The  studies  of  turbulence  at  high  Mach  numbers  is 
an  important  one  because  of  the  requirements  for  turbulence  modeling,  primarily  for  computation,  and 
the  results  presented  are  the  highest  Mach  number  results  known  to  this  author.  However,  the 
effects  of  chemistry  on  this  phenomena  are  totally  unknown,  and  the  problems  of  extending  the 
modeling  to  higher  Mach  numbers  is  in  serious  question.  The  new  techniques  in  optics  were  impres 
sive,  but  the  optical  studies  must  be  combined  with  other  measurements  if  one  is  going  to  supply  the 
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detailed  information  for  modeling  the  physics  and  for  CFD  validation.  The  unsteady  character  of 
turbulent  boundary  layer  interact  ions,  at  a  Mach  number  of  5,  was  a  unique  contribution,  but  the 
questions  as  to  how  this  might  be  applied  in  the  hypersonic  regime  is  still  an  open  question.  It  is 
a  good  lead  into  what  should  be  done  with  all  studies  of  turbulent  boundary  layers.  The  two  papers 
on  low  density  studies  provided  valuable  insights  into  the  problems  of  low  density  flows.  However, 
the  Reviewer  believes  that  low  density  studies  at  low  Mach  numbers  are  not  particularly  appropriate, 
since  all  of  the  flight  paths  which  are  being  considered  have  very  high  Mach  numbers  in  the  low 
density  regime.  The  aerodynamic  studies  of  the  present  investigations  are  good  initial  studies,  but 
must  be  considered  in  the  light  of  chemistry  which  takes  place  at  the  real  enthalpys  of  high  Mach 
number  flight. 

3. 3  Session  III  —  Propulsion 

The  papers  in  this  Session  were  concerned  with  a  limited  view  of  hypersonic  propulsion, 
probably  because  of  the  AGARD  classical  division  of  Aerodynamics-Propulsion.  Unfortunately,  Paper 
13  was  withdrawn.  The  three  papers  presented  covered  widely  different  areas;  an  historical  prospec¬ 
tive  of  ramjets,  a  mixing  problem,  and  CFD  studies  of  inlets. 

PAPER  12.  WALTRUP  gave  an  excellent  historical  prospective  of  the  subsonic  combustion  ramjet 
and  its  limitations  at  low  speed  (no  thrust),  and  at  high  speed,  poor  performance  above  about  Mach 
number  of  6  (inlet  performance  and  chemical  kinetics).  With  supersonic  combustion  the  high  speed 
end  of  the  performance  can  be  enhanced  and  the  addition  of  an  ejector-ramjet  is  a  possible  solution 
to  the  low  speed  problem.  Mr.  Waltrup’s  discussion  was  limited  to  a  Mach  number  of  3  to  6-7  range 
and  he  noted  that  computations  were  of  some  help  for  the  inlet  and  nozzle  flows,  but  could  not 
handle  the  shock  "isolation"  section  nor  the  combustion  region  and  there  was  little  data  available. 
He  particularly  stressed  the  need  for  turbulence  information  for  the  supersonic  and  hypersonic 
flight  condition,  pointing  out  the  particular  importance  in  the  effects  on  wall  shear,  heat  trans¬ 
fer,  boundary  layer  character ist ics ,  fuel  injection  modes,  and  chemical  kinetics.  He  stressed  the 
engineering  design  data  base  requirements  for  the  very  low  speed  problem  associated  with  take-off 
and  for  flight  above  Mach  number  of  8  where  the  data  base  is  very  sparse,  or  non-existent. 

PAPER  13.  The  paper  by  EDWARDS,  SMITH  and  CARNEGIE  was  unfortunately  not  presented  nor  was  a 
copy  of  the  paper  available. 

PAPER  14.  SCHADOW,  GUTMARK  and  KOSHIGOE  presented  a  very  interesting  paper  on  the  fundamental 
fluid  mechanics  of  elliptic  jets  versus  axially  symmetric  jets  with  particular  emphasis  on  the 
mixing  characteristics.  Analyzing  results  at  Mach  numbers  of  0.15,  1,  and  1.3,  Schadow  et  aL., 
noted  the  enhanced  growth  mechanism  of  the  elliptic  jet.  For  supersonic  underexpanded  flow,  they 
also  noted  that  the  three-dimensional  shock  structure  was  probably  part  of  the  mechanism  enhancing 
mixing.  They  proposed  that,  linear  stability  analysis  to  the  contrary,  the  elliptic  jet  provided  a 
mechanism  for  enhanced  mixing  at  higher  Mach  numbers.  Unfortunately,  the  support  for  this  statement 
was  not  available  in  the  form  of  experimental  data  at  higher  Mach  numbers. 

PAPER  15.  KUMAR  presented  state -of  the- art  computations  on  supercomputers  of  complex  geometry 
inlets  in  the  high  supersonic  range  (Mach  number  4-7).  He  presented  results  of  parametric  studies 
using  quasi  three-dimensional  applications  of  two  dimensional  codes,  and  then  a  complete  three- 
dimensional  study  of  a  specific  two-strut  scramjet  inlet  of  fixed  geometry.  The  calculations 
included  an  assumed  algebraic  turbulence  model  and  "verification"  of  the  computation  ,vere  based  on 
comparisons  with  limited  pressure  distributions.  The  experiments  used  for  verification  were  all 
limited  to  Mach  numbers  of  less  than  7. 

General  Comments  on  Session  III 

The  papers  of  this  Session  were  primarily  focused  on  what  the  present  reviewer  considers  the 
supersonic  regime.  There  was  little  emphasis  or  prospective  on  the  problems  of  propulsion  at  high 
Mach  numbers.  The  special  problems  of  high  Mach  number  flight  including  inlet  geometries,  boundary 
layer  characteristics,  mixing,  and  chemical  kinetics  were  not  covered,  nor  was  there  much  in  the  way 
of  projections  from  the  present  "low  Mach  number"  results.  Separation  of  propulsion  and  aerodyna¬ 
mics  is  not  possible  at  high  Mach  numbers  because  of  the  requirements  for  integrated  design.  The 
inlet  can  not  be  considered  as  an  entity  since  most  of  the  forebody  of  the  vehicle  is  part  of 
the  inlet.  The  inlet  requires  an  integration  of  the  aerodynamic  forebody  design  to  give  the 
conditions  at  the  beginning  of  the  inlet.  At  the  same  time,  if  air  breathing  propulsion  is  to  be 
considered  as  part  of  hypersonic  flight,  the  propulsion  system  has  such  a  large  influence  on  the 
aerodynamic  design  that  it  probably  has  to  be  considered  in  the  initial  aerodynamic  design  and  as  an 
integrated  part  of  the  overall  design. 

3.4  Session  IV  -  CFD  Fart  1  -  Viscous  Flows 


The  importance  of  CFD  and  the  many  different  approaches  being  developed  for  hypersonic: 
aerodynamics  was  the  major  focus  of  Sessions  IV  and  V.  The  papers  grouped  in  Session  TV  are 
primarily  concerned  with  viscous  computations,  with  the  inviscid  computations  grouped  in  Session  V. 
There  are,  however,  several  papers  which  consider  both  approaches.  The  papers  in  Session  IV 
demonstrated  the  wide  varifjty  of  appr^a^h^s  and  philosophy  covering  current  &rid  generation  proce¬ 
dures,  finite  volume,  space  marching  as  compared  to  time  marching,  real  gas  effects  on  laminar 
flows,  full  3D  hypersonic  developments,  and  a  comparison  of  inviscid  versus  viscous  computations. 
Almost  all  of  the  computations  were  compared  to  some  sort  of  experiments,  primarily  pressure 
distributions,  but  including  some  heat  transfer  data. 

PAPER  16.  RIZK,  CHAUSSEE  and  STEGER  considered  an  efficient  numerical  hyperbolic  grid  gener¬ 
ation  scheme  applied  to  a  three  dimensional  lifting  configuration.  They  used  the  Reynolds  averaged 
Navier-Stokes  equations  integrated  through  a  time  dependent  factored  procedure.  Results  were 
compared  to  the  windward  side  pressure  measurements  on  the  shuttle  nt  a  Mach  number  of  7.9  at  an 


angle  of  attack  of  25°.  Another  set  of  calculations  were  carried  out  on  a  wing-body  combination  at 
a  Mach  number  of  25  and  an  angle  of  attack  of  5°,  using  a  perfect  gas  with  a  gamma  of  1.2  to 
simulate  the  real  gas  at  the  high  Mach  numbers.  Although  they  showed  that  their  code  was  robust, 
the  comparison  with  the  data  available  was  not  extensive,  with  the  usual  check  between  the  measurer! 
and  predicted  pressure  distributions  being  quite  reasonable.  However,  critical  measurements  of  heat 
transfer  were  not  available  for  detailed  comparison  for  the  shuttle,  and  no  data  is  available  for 
the  wing  body  computations  that  were  made. 

PAPER  17.  RIEGER  used  a  somewhat  different  approach  by  looking  at  the  idea!  gas  laminar 
boundary  layer  using  a  space  marching  technique  in  the  viscid  and  invise  id  PMS  and  Euler  codes. 
Good  agreement  was  again  found  with  the  pressure  distributions  on  a  hypersonic  compression  ramp  at 
Mach  number  14  and  in  the  supersonic  conditions  of  a  half  angle  cone  at  high  incidence  at  a  Mach 
number  of  8. 

PAPER  18.  AUPOIX,  ELDEM  and  COUSTEIX  presented  an  excellent  paper  on  a  very  well  defined 
problem  of  hypersonics,  the  sensitivity  of  hypersonic  boundary  layer  calculations  to  assumptions  of 
the  real  gas  effects.  They  examined  the  sensitivities  of  important  parameters  to  real  gas  model 
ling.  They  used  first  order  boundary  layer  equations  with  the  pressure  distributions  given  by 
Newtonian  flow.  They  calculated  the  windward  side  of  a  hyperboloid  body  of  revolution,  examining 
the  Mach  number  range  from  about  9  to  28,  simulating  part  of  the  re-entry  phase  of  a  space  shuttle. 
They  found  that  the  wall  temperature  effects  were  more  important  as  the  wall  enthalpy  increased  and 
were  more  important  for  noncatalytic  walls  vs.  catalytic  walls.  They  were  also  more  important  at 
the  end  of  the  re-entry  corridor,  that  is,  at  low  velocity,  than  they  were  at  high.  They  presented 
very  convincing  computations  of  the  effect  of  catalytic  vs.  noncatalytic  walls  for  different  species 
modeling,  and  also  demonstrated  the  effect  of  the  conditions  of  the  stagnation  point  with  dif 
ferent  Lewis  and  Prandtl  number  assumptions.  The  results  showed  the  sensitivity  to  the  physical 

phenomena  and  a  lack  of  sensitivity  to  some  of  the  chemistry  modelling  and  to  the  values  of  Schmidt 
and  Prandtl  numbers  that  were  assumed. 

PAPER  19.  RIEDELBAUCH,  WETZEL,  KORDULIA  and  OERTEL  presented  a  very  well  developed  and  method¬ 
ical  approach  to  the  development  of  computational  tools  for  3-D  hypersonic  flow  problems.  Their 
approach  covered  both  the  continuum  region  using  the  Navier-Stokes  equation  (integrated,  time 
dependent),  while  the  low  density  flow  problem  was  simulated  by  approximations  to  the  Boltzman 
equation.  Their  approach  was  to  use  ideal  gas  initially,  adding  real  gas  effects  later  in  the 
development.  Of  particular  interest  was  the  Direct  Simulation  Monte  Carlo  method  which  they 
preferred  to  the  Molecular-Dynamics  approach  because  of  its  computational  efficiency.  Several 
examples  were  given  for  typical  blunt  nose  configurations  for  the  continuum  solutions  and  the  flow 
around  a  circular  cylinder  for  the  low  densi  +  y  calcul at  ions .  The  low  density  calculations  were 
then  extended  to  a  typical  blunt  nose  configuration.  They  stressed  the  need  for  experimental  data, 
particularly  at  high  Mach  numbers,  for  validation  of  the  future  computational  approaches  which  will 
add  real  gas  effects. 

PA !\,h  20.  and  fticrtAKl)  cairied  out  a  very  interesting  set  of  numerical  experiments  of  the 

hypersonic  flow  beneath  a  cone  delta  wing  combination.  ''’hey  solved  the  compressible  Navier  Stokes 
equation  using  very  fine  grids  and  an  assumption  of  "local  conicity",  an  assumption  which  has  yet  to 
be  validated  for  high  supersonic  and  hypersonic  conditions.  Again,  the  computations,  when  compared 
to  experimental  pressure  distributions,  appeared  to  be  quite  good,  but  the  accuracy  of  the  heat 
transfer  calculations  were  not  as  good  and  be<  ,trn  -  worse  with  increasing  angle  of  attack.  The 
authors  showed  a  very  interesting  comparison  between  their  viscous  calculations  and  the  result  of  an 
Euler  computation  foi  the  same  configuration.  Although  the  authors  po+ed  the  quite  different 
flowfield  character ist it's  for  the  viscous  flow  as  compared  to  the  inviscid  flow,  they  made  no 
attempt  to  determine  the  sensitivity  of  the  flowfield  to  the  viscous  modelling  assumptions  inherent 
in  the  Nav ier~ St okes  solutions,  simply  stating  that  the  effects  were  due  to  viscous  effects. 

General  Comments  on  Session  IV  -  Par t _ 1 

The  papers  in  this  Session  demonstrated  the  power  of  CFD,  but  spotlighted  the  limitations  which 
are  primarily  concerned  with  viscous  modelling  and  real  gas  effects.  The  experiments  required  to 
validate  the  computations  are  clearly  not  available.  Pressure  distributions  are  not  critical  tests 
since  all  computations  appear  to  give  good  results  in  this  area.  The  lack  of  detailed  heat  trans¬ 
fer,  skin  friction,  and  flowfield  details  limits  the  ability  to  critically  evaluate  the  computa 
tions.  Even  laminar  computations  are  not  adequately  validated  on  the  basis  of  current  experiments. 

3 . 5  Session  TV  -  Part  2-1 nviscid  Flows 

Part  II  of  the  CFD  Inviscid  Flow  Session  consisted  of  four  papers.  The  first  three  were 
primarily  concerned  with  the  Euler  equations,  in  either  approximate  or  full  form,  and  methods 
including  real  gas  effects  and  the  evaluation  of  these  effects  vis-a-vis  the  perfect  gas  approxima¬ 
tion.  The  last  paper  was  much  broader  than  the  Session  title  implied,  and  covered  a  review  of 
the  NASA-Ames  work  on  aerothermodynamic  research  covering  both  a  description  of  the  facilities  and  a 
brief  outline  of  the  many  research  programs  which  have  been  underway  for  many  years. 

PAPER  21.  DAVIS  and  BLOTTNER  presented  a  v^ry  ’ rarest ing  paper  on  their  attempts  to  obtain  an 
appro  .iraate  solution  of  the  Euler  equations  for  particular  application  to  the  hypersonic  flow  over  a 
blunt  body.  They  used  a  spatial  marching  scheme  and  the  Vigneron  pressure  gradient  approximation  in 
the  momentum  equation  in  the  direction  along  the  body  surface.  They  compared  their  results  to  the 
complete  Navier- Stokes  solution  and  found  reasonable  agreement.  Their  approximation  solution,  when 
completed,  should  be  much  faster  than  the  usual  time-dependent  code  solution. 

PAPER  22.  PFITZNER  and  WETLAND  discussed  their  three-dimensional  Euler  solutions  for  hypersonic 
speeds,  covering  the  range  from  Mach  number  4  to  30.  They  worked  with  both  the  steady  and  unsteady 
Euler  equation  and  their  formulation  used  a  fitted  bow  shock,  but  they  captured  the  imbedded  shocks. 


They  included  real  gag  effects  through  equilibrium  chemistry  and  the  <  ul<  ulat  inns  are  limited  to  t he 
continuun.  regime.  A  calculation  using  ideal  gases,  with  gammas  of  1.1  and  1.2,  were  computed  t<> 
real  gas  calculations  using  the  ’’effective  gamma”  technique  for  the  solution  of  the  full  equations 
of  a  blunted  cone  at  about  Mach  number  of  15.  They  used  a  generalized  equal  i  <  -n  of  state  and 
temperature  dependent  specific  heats.  At  low  Mach  numbers  of  4  to  6,  t hey  found  no  teal  gas 
effects.  At  very  high  Mach  numbers,  they  found  that  the  pressure  at  the  stagnation  point  was  net 
affected  by  the  different  approximations,  but  the  pressures  back  on  the  model  the  blunted  cone 
were  off  by  as  much  as  50%  from  the  equilibrium  calculations  when  calculated  using  an  "cffei  t  i\«j 
gamma”  model.  Their  calculations  seemed  to  indicate  that  this  technique  cannot  be  used  when  there 
are  strong  gradients.  The  stagnation  temperature  was  overestimated  hy  1 '10%  using  ideal  gas  us sump 
t ions . 

PAPER  23.  HILUER  discussed  his  computation  of  flow  past  conical  hypersonic  wings  using  a 
second  order  Gudonov  method.  Unfortunately,  no  <op\  of  the1  paper  was  available  foi  detailed  i  !<*u. 

He  applied  the  Euler  equation  to  steady  conical  flows  and  applied  his  solution  to  a  flu!  delta  a*  a 

Mach  number  of  about  3.5.  Although  the  calculations  were  carried  out  using  the  KuUu  equation,  it 
should  be  noted  that  at!  *»urh  Euler  calculations  inc  lude  a  "numerical  viscesilv"  whi-h  develop--;  * 
pseudo  boundary  layer  in  supposedly  inviseid  ca leu  1  at  ions . 

PAPER  24.  DETWERT  presented  a  general  review  of  act'd  her  mod  vnumics  research  d  NASA  Atm-s.  Th  : 
program,  which  has  been  underway  for  many  years,  is  of  signific  ant  magnitude-  arnl  covers  1  advatn  <  d 
mission  and  concept  studies,  2!  computational  depot  her modvnami r  flowfield  <  ode*  il<u< -lopnien*  . 
t  hermochemi  ca  1  non-equilibrium  reacting  gas  models,  and  4  code*  validation  c*\pc-r  ihmmiI  Ihis 

latter  area  coverecf  the*  major  shock  tubes,  ballistic  ranges,  and  a  3.5  It.  hypersonic  wind  tunnel 

which  has,  in  recent  years,  been  brought  back  into  operation.  The  advanced  mission  and  »  "n<  »q  d 

studies  particularly  focussed  on  the  potential  of  aero  assisted  technology  for  enh.inc  ing  "tbits! 
operations  in  planetary  missions  by  using  the  aei  odvnami«  produced  hv  gt  i/ing  passes  t  hi  "ugl, 

the  upper  atmosphere.  Di'-ru^sions  <>F  uer>»br  "ok  i  ug  AOTVd,  high  lift  AOTV’s,  md  air  br»aMiing  TAV’- 
were  all  included.  The-  extensive  pi  ngram  in  < omput  at  i  onu  1  a**r  <d  h*  -rmodvnamii  s  has  -  « it  i  >  t-n '  t  .i  f  <  -a 
solution  of  the  compressible  Wavier  Stokes  equations,  i  he  parabo  1  i zed  Naviet  Stokes  equal  ions,  n  ' 
Euler,  boundary  layer,  and  viscous  shrunk  layer  approximations.  for  the  v»m  v  high  Mach  numhiu 

applications  which  are  Ames  main  thrust,  real  gas  effects,  which  mm  hide  th*rm<>  ' diene  -*J.  n>.n 
ecju  1 1  ihr  i  um,  and  radiative  transport,  are  important  parameters.  Outlines  of  th»-  methods  used  ana 
applications  were  detailed.  Their  work  on  non  *qui1ibrmm  chemist  i\  and  -input  at  loril  •  h*  m ;  *-t  r  \ 
is  a  significant  element  for  very  high  speed  flight  problems.  The  des<  r  ipt  ion  of  tin  "xp«*t  im»*nt  a 
program  and  the*  facilities  included  a  brief  discussion  of  a  new  flight  experiment  cal  hi  the  Ah 
Aero  assist  Flight  Experiment,  which  is  planned  to  probe  nigh  altitude,  high  \el<*<  jtv,  t  her  moc  hc*m 
ically  non  equilibrum  conditions.  This  expel  i  m«  *n  t  ,  in  th*'  vicinity  of  10  k  t  I  *m»*t  *  r  s  p«  i 
will  provide  new  data  in  a  region  where  such  data  is  vrrv  sparse. 

General  Comments  on  Session  IV  Car*  2 

Computations  using  the  Eul*  r  equations  should  tic  noted,  again,  as  not  h«'ing  m’n  in\is  id. 
"Numei  icx.il  viscosity”  is  an  inherent  element  ot  such  calculation  and  the  *-ff«-i  !s  of  ?h:s  i  i  •>>)' 
is  clearly  defined.  The  in*  lusion  of  real  gas  effects,  through  several  approximate  !  -  •  he  ■  qu- 

shows  significant  effects  in  many  s  as**s  it  high  Mn<  h  n limber.  Th"  use*  of  Mi»»  Ful»*r  >*<ju .*!  ;  n^.  ’  r 

been  driven  by  the  fact  that  1  hey  are  much  fasten  than  sohit  ions  of  tin*  Navieq  Stokes  «-quat  cwis.  -c’ 
the  use  of  approximate  Euler-  solutions  arc*  even  faster  vet.  Design  information  t  rom  su<  h  <al.»ula 
t  ions  appeur  to  be  beyond  the  abilities  of  these  techniques.  Th**  major  programs  a  NASA  Arm  * 

provide  a  wide  range  of  important  studies  for  hypersonic  flight. 

3.6  Session  V  Vehicles  Design _ Part  _1  Wave*  Riders  and  flight  M**chani«s 

The*  five  papers  of  this  Session  inc  luded  three  concerned  with  wave  i  id"i  p*  r  (orni.in<  Th- 
vehicles  capture  the*  how  shock  as  part  of  the*  geometry  »<>  ,  m  reuse  the  lift  <  mffn  lent  tor  ^  gi  ■ 

ID.  The*  last  two  papers  were  cono'i  nc*d  with  the*  dynamics  and  control  -f  si  in.  vmme!  .  ; 

geometries.  It  should  also  be  noted  that  the  last  three  papers  of  this  session  use  appr  ox  i  rn.i '  ■  ■ 
medhods  of  computation,  such  as  the  integral  boundary  layer-  or  Newtonian  approximation,  as  -  omj-ar  cd 
to  the  Navier- Stokes  and  Euler  solutions  of  earlier  sessions. 

PAPER  25.  GANZER  and  SZODRUCH  presented  a  very  interesting  paper  >  orieeid  rat  i  ng  on  the  vortev 
formation  of  delta,  double  delta  and  wave  rider  configurations.  Unfortunately,  the  studv  w 
limited  to  supersonic'  speeds.  The  extensive  exper  iment  a  1  program  was  an  *-\l  elision  <>f  i  l>a-  ><  iiilv 
of  vortical  f  1  ows  on  delta  wings,  with  the  experiments  being  carried  out  at  Cranfield,  Gambr  i-lvo-, 
and  NASA  Ames.  The  studies  included  many  surface*  flow  visualization  unci  qualitative  flowfield 
studies  by  vapor  screen./ laser  techniques.  The  authors  proposed  a  very  detailed  <  1  ass i f i c at  i on  of 
the  flows  on  the  basis  of  "separation”  patteins  from  the  surface  visualization.  The*  surface  v  i  * .  >  1. 1 1 
ization  patterns  has  somewhaf  limited  physical  rationale,  in  the  Reviewer’s  opinion,  because  of  lack 
of  understanding  of  the  sensitivity  of  the  technique  and  the  lack  of  information  on  the*  stability  of 
the  vortical  flows  which  are  generated.  There  are  also  quest  ions  of  Reynolds  number  effects  and 
leading  edge  details,  but  c.he  paper  clearly  presented  an  overall  view  of  the  complexity  «»f  the 
flowfields  generated  by  such  bodies. 

PAPER  26.  I.ONG  considered  a  very  important  parameter  of  hypersonic'  wave  riders  which  pot  on 
tially  has  significant  appl ioat ions  to  hypersonic  flight.  Aero thermodynamic  heating,  propulsion 
integration,  and  off  design  performance  have  not  been  investigated  in  any  great  depth.  long 
concentrated  on  the  off  design  performance,  using  two  generic  wave  riders,  the*  Rasmussen  and 
fookheed  flat,  bottom  configurations.  His  calculations  used  nonlinear  inviseid  Euler  equations,  an 
extension  of  some  original  work  of  Jameson,  and  he  made  detailed  comparison  between  the  computations 
and  the  experiments.  His  computations  predicted  lift  drag  ratio,  pitching  moment,  and  sur  ?a<  <■ 
static  pressure  distributions.  He  hopes  to  include  the  effects  of  ae rot  her modvnami r  heating, 
skin  friction,  and  d isplae.jnent  thickness  by  extending  the  code  to  solve  the  Reynolds  averaged 
Navier-Stokes  equation,  with  future  extensions  to  real  gas  inclusion. 


PAI'FH  .  "  ROW.TTT  and  ANPFRSON  l*s<  r  ihe.1  t  licit  <  ampul  at  of  •  mih  mI  f '!  *>w  wav.-  nd.-rs  i  <  K 

in*  1  utt*-i  viscous  effects.  Previous  work  on  wav  r  tdets  have  been  based  <>n  mvis*  id  -  ,tl<  ulat  ions, 

whh  H  were  subsequent  l  v  ■  nn  r<  ted  for  ^kin  fr  h  t  ion  effeets.  By  including  the  v  imous  effects  in 

th-  design  procedure,  using  a  non  linear  simplex  optimization  te.hnique,  t  ti*  *  authors  have  eomput.-d 
per  formant  e  that  exceeds  previous  studies  and  resulted  m  quite  different  shapes.  They  proposed 

that  an  opt  lmiun  vehicle  would  have  half  viscous  drag  and  half  pressure  drug.  It  was  noted  tin)  th<- 

details  of  the  viscous  effeets,  for  example,  t,  ms  1 1  urn  or  the  distribution  of  shear  stresses  ..\ei 
the  surface,  ran  have  a  significant  effect  on  the  geometry  of  the  <  onf  i  gur  at  i  ons  .  *1,  t  a  i  n.-d  .  J!; 

the  ensuing  d  I  seuss;  l  (Ills  it  VvaS  noted  that  the  pro<  educe,  as  descr  lh«*d,  does  lint  give  t  fie  "  ;j,t  I  II,,  nr.'' 

shape.  The  calculations  clearly  show  the  significant  effect  of  t  he  viscous  off,.,  ts  that  wr 

Ml.  lad. <*j. 

PAPKR  L'H.  FAST  and  HITT  .  ompar.d  M-vfrn!  simplified  predn  t  inti  rnetftods  with  -  ein<  .  ■- p,  r  i  iim -lit  e 
hypersonic  stati<  and  dyn.tmi*  stability  of  uxisymniet  t  u  shapes.  The  *  a  1  •.  u  l  d  ions  w<  «  .■  all  ’.re1  . 

Newtonian  flow.  The  first,  the  classical  Newtonian  impart  theory,  the  a.-,  ond  t  lie  "  i  in!  «<  dde  !  N.-wt 

lap"  flow,  will'll  takes  into  a.  count  the  r  educed  dynami*  pr  essur  es  and  !  ew  spe.-d  flow  t;  «  !,.*  f  1 ,  ,s 
field  down*.  I  ream  of  strong.  slick  u.-ivrs,  aid  third,  t  fic  imbedded  Newtonian  RiiouerMun  ■mp!' 
wfinti  mi  hide  t  fie  effc*  t  of  t  lie  tentrifugal  pressure  id  fe  I  -  ,  important  in  the  limit  .f  Ma.  h  r .  i  ,.|d  .  * 

til"  o  f;  i  rn>  :  n  f  .  o  i  t  y  .  Hu*  force  anulvses  w.-re  .  ompar  «<f  to  ,  s.fhs  of  .  xp>  a  i  merit  s  <  - 1  r  .  :  <  .  f  -  d  a  , 

Ma.  h  nuinf  >*  ‘t  of  b .  K  .  cv  *-r  \  ng  i  s*  r  I  *-s  of  .  op.  s  w  1 1  f:  d  t  f  f .  r  •  -id  no-,.-  b !  ord  r:-  ;s  ,  the.  ,  .  -  are  *  r  \  ,  ugh 

•  d‘  at  t  .  u  k  .  i  re 1  i  •  -r  d  er  ‘f  g  r  a  v  i  I  v  I  o«  a  t  i  <>n ,  w  ,  t  t»  one  deg  r  ee  ■  >  f  f  t  d< .m  of  os.  i  I  I  d  o  r  v  m*  d  :  ,  if  vc 

found  t  hat  t  he  imbedded  Newt  <iin  an  method  gave  quit*4  good  . . lent  w  i  t  fi  I  nr  .  ■'■po;  iiumt  f 

lie  i  u  j  flow  '  r  act  u  i  e  does  net  *hang'-.  W!--i  r  * !..  i  e  are  •;  i  ga  i  !  ,  ird  ■!:*-'  r  >-p  un  i  <  *  i  wi  .-i;  *  h. 

experiment  ad  the  imbedded  \ewi..niaii  .  omp.it  »ti.a,s.  f  ties  w.-re  t  r  a*  **d  to  vrs.eus  .  ft'*  ■  ♦  ■ :  ,n-  i 

b- -iii;d.  a  v  I  i\  -  i  .  tiansition,  >;»-par  at  i  on ,  and  V"iti<nl  flows.  Th**  us.  d  the  imbedded  \ewf<<h!,ih 

Busemann  theoiv  does  not  se.-m  war  raid'd  mi  i.g.ld  of  tin  pi  es«*jd  studies,  although  M  should  !•«  i .  t  .  -  ■ 

M;  i  ’  •  !i»  '  \  pe  r  i  jij,  ;d  •  e  .  at  :  <  -  ]  d  .ply  low  Mach  numb,  i  .  !  \  per  i  m«  •  mi  Mm  high  :  h  i  mini  i  .  ai  ig. 

!i-  ■  It  at  !  V  needed  !■.  eV.tluat*-  whet  |.e|  til*.  |>r*>Sent  View  (  or,  lie  ev  t  elided  . 


1  AfTR  *.  fB  !  and  VAN  RO|  S’M  !  ...dmuei  t  f„-  do.  ;  <,f  Mm  \’-u'.u  Busentaor 

*  if  !  1  )  *  v  applied  t  ,  h\  p.  -  r  s  otM  *  on.-  » 1  }  i  f  t  !  t,j.  .  -ft » ■  1 »  ’  1 1  f  • 1  t  . :  ru  d  * » 1  v ,  no  p  q  i.  . 

in.  ■  '  ag.  '  i  ■  :<  •  t  :»i  I  »-d  t  * ■  v  i  >  w .  The v  ;  r  !  c-  .  I ,  id  h  t  s t  . u  i «  a  I  :  i  * 

t > | ■  r  e  i  t,  rid  -  ar  ■  i  *-d  -id  s.  ri*-  .  omput  a t  i « >t;s  of  t  tie  ft\  p.  r  sen  i '  I v  r-. un  i  <  t  al •  i  i  M  v  of 
■.  .  •<)'  '  h  •  :  i  ■  t  ids  N'  ... '  ■:  i  (i  'is.  mar  t:  ipj  i  o  i>  h  f  ■  •*  sn.a  1  1  «iiu  d  ;  f  rde  p  .  t  •  1 1  ,  , ;  g  r  M  o 


•sseld  i  a  I  1  v 


*  •  0  *  e.  tin  i  p: 


ar  ! \  sens . f  i  \ * 


‘  !  he  .  t  ah  I  I  t  V  •  *  1 1  >  J  ‘ •  IS'  fit-. 

I  *  ha  !  t  !  •  gh*  veil  ,  h  s  .  Met  !,.:•« is  •  f 

har  a.  ’  •  r  id  i  s  .  t  r:  e  -•  ■  'tip  i  •  -v  b-  *d  i .  ,  o 


tiia!  design 


M.  d  W  ’  »  f|  tv 


>  MIT  <r.  'HMITR  m  !  1  ,"'k  •  .  v  i  •  w.  d  a  !  -  g  •  . 

«>r  Igtd  field  r',l  fl.e  t  U  d  V  of  lifting  ioli.'S  f.  J  ,  •  f  V  fl  1 

■  or  1  ••  f><) '  ;  »nd  -  ij  I  riM  .■  t i  •  ■  i  •  i*’*  v  .-ar  ■  u.  o  t 

■  t  .  ns  i  v  i  ■  i  y  '  es.  ar  ■  ft* “d  t  fir  oiigu  .  - »mpid  - > *  i  -  a  o  f  }  . 

Ma  ugfi  t  f,e  Maefi  rmmber  r  mg.  :p  h*.  ’fi.  ml  h<u  *• 

were  .  oinp  1  et c-,f  AS.d'T  and  I’R’MK.  Axsj  ]  w<ls  .  on,  ejv.-d 

.  0'  sweep  d*  J  t  a  t>iug.  This  w  ;  tig  was  M  »  nded  with  a  < 

M  was  [h.wn  at  altitudes  d  af-ont  ft.Od'.OO  •  diO.OOO  j 


hi'1,  .ii.i  i  ii  goals  !  .o,i.  !  a  f  l .  >n  ' 

pf’dlMlon  t  Ml  fin  i -pies  ,  til  i  ?,  eV,hid 
;b  bating  fnxlv  d.  s  i  gji'-d  to  evp!  >t .  t 
P'T  so'  >nd  it  alt  Mud  t..  100.  OOd  f: 


!  a  f  ion  o|  f 'I  »dd  -lid  w 
ev  tin  d  i  on  f  M  ,  a, 
*v  |  !  U  .  the  hv  pel  ’.  I  !  •  >.  i 


.!i  speod  tiigfd  ;  h* •  propra.'ii  st  » j  ♦  -  i  mi  M< 

N  .  •  r  »  s  .  !  t:  i  •*.  r  *  ‘sear  ■  fi  v  •  !  i  ; .  ■  >  n  .  <•  ■  -  ■. 

,  motm-td  ,  j  ■  t  ess  i  it  -  ,  u  i  h-mp-ia*  at-  *.  .(■- 

‘he  oil  t  !  j  n» 'd  two  mu. jot  f  I  i  g  ’  1 1  j  a  ■  :g.  i  am1 .  wh  i  >  f; 

i  •  ci  !  !’  !  .I  >  i  h d  i <«» i  |  . n , ,  ■< [  v  e 1 1  i ,  ! . .  w  i  !  f ;  i 

oil.  vblilo  1  1  f  t  ,  body  r  t  t  op  S1M  f.a  e. 

»  at  1  a  .  i)fm  i  1‘f.noo  f.  et  pot  so.  ond  With 

heme  i  I  d  v  »*|  i  |  | .  .d  i .  ,n  of  .ma  1  \  i  i 1  mo: 

'  -•■tii-pt"  c.  !  u,  d*r  id  .  PP  IMF  vs  is  n: 

mg/-  it  nta'imum  !  o,  itv  !  -aei  d".,()(H!  ft. 


Th*  mtfiors  -it  temf.fr  d  ■  *| .  t  i  m  t  .*  •  ^  •fit*  )«s  v>fM<li  had  maximum  \  ■olunie  wM!i  !ngh  ncvoilvtiam  i  ( 

■  ■ft  i  *■  i  err  \  ,  but  t  tie  pi ,  ip  i  am  was  a  i  me.  t  pr  >  mar  i  !  \  1 1  v  ■  di  i »  l .  *s  wdi  r «  h  did  not  include  air  h  rca  t  h  l  ng 
propulsion.  The  vehif  1  es  were  rathei  snnf>h  and  ani*Tiafde  to  ah  illation,  but  -  h  ar  1  \  hud  to  be 
stafile,  <md  rolled,  and  trimmed.  Many  <»f  Mieir  .  onf  i  gurat  i  on  studies,  whs*h  in  lud.-.l  wind  tunnel 
tests,  also  were  t  h*  suh.je.  t  of  nitensi1..-  eomputat  l  on  -  The  .  ompu  I  a  t  i  ona  1  efbet*--  span;,  ■'!  tile  full 
range  from  Superson  i  < -.'Hyper son  h  Arbrtj  n\  I’ody  Pi  ogr.im  ;S  HARP  ,  PANAIR  a  higher  a  der  pan-ding 
pi'U'.i'im  using  I  t  n«  at  i  ?.t  tf  pulenlial  flow  ,  Puhr  f  fi<-  most  seph  i  st  i .  at  ed  <»f  the  invis-  if  <  odes  wfii.fi 
gav  *■  lift  and  drag  reasonably  well  for  streamlined  bodies  but  was  inadequate  for  ml epfereru  e  and 
separated  flows',  PNS  'found  to  pr odu<  .  most  of  I  he  essential  design  information  at  about  1  hth  t he 
i  ost  of  Navi*-?'  Stokes  solutions,  but  it  could  riot  fompule  t  im.-  l.-pend.-nt  plienom<*na  not  .onfigura 


t  ions  with  ony  significant  soparat  i  on  ^  .  Because  of  the  speed  and  simplicity  of  PNS,  the  ant  hots 
suggested  it  would  probably  he  the  first  to  contain  real  gas  capability.  Finally,  Navier  Stokes 
solutions  (which  is  the  limit  of  a  macroscopic  representation  of  the  continuum  flow).  Navier  Stokes 
calculations  are  limited  by  efficiency,  but  so  far  as  the  authors  of  this  papier  were  concerned,  they 
found  no  limit  to  the  nt>  i  I  i  t  y  of  Navier  Stokes  to  duplicate  experiments,  except  in  the  transition 
and  turbulent  boundary  layer  regime.  The  authors  also  defined  a  set  of  challenges  which  they  felt 
were  the  important  areas  for  future  research. 

PAPER  :ll .  FISHER  described  the  experiences  using  the  Douglas  Supersonic/Hypersonir  Body 
Progr.inc  S  HABP,  which  British  Aerospace,  PLC,  was  evaluating  as  part  of  their  efforts  in  the  design 
of  hypersonic  vehicles.  This  program  has  a  very  complex  structure  which  includes  a  large  variety  of 
aerodynamic  prediction  methods  for  many  different  types  of  problems.  The  p>rogram  also  includes  a 
large  data  base,  much  of  it  derived  from  shuttle  flights.  The  technique  is  a  quasi  empirical  one. 
The  operator  picks  the  specific  method  that  best  approximates  the  available  data.  Solutions  with 
SHARP  requires  an  examination  of  the  various  methods  available  and  comparisons  with  the  data  bank. 
British  Aerospace  found  that  user  experience  was  needed  for  accuracy,  and  the  data  base  limits  going 
outside  of  the  tested  ranges  or  configurations  which  are  in  the  computer.  This  is,  to  the  review 
er’s  knowledge,  the  first  time  that  the  transferability  of  a  major  hypersonic  code  has  been  evalu- 
nt  ed . 

PAPER  32 .  HODGES  and  WARD  reviewed  RAF  ’  s  program  in  generating  a  data  base  for  missile  perfor¬ 
mance  at  high  Mach  numbers,  and  its  use  in  asst.^sing  CFD  methods.  Unfortunately,  the  present  effort 
is  limited  to  tin*  low  Mach  number  range,  2.5  to  4.5,  because  of  the  lack  of  adequate  wind  tunnels  to 
explore  the  higher  Mach  number  range.  The  extensive  experimental  set  is  being  compared  to  solutions 
■  > t  Fuler  codes  using  space  marching  techniques,  SWINT.  The  primary  emphasis  is  to  supersonic' 
missile  applications  and  extrapolation  of  these  results  into  the  hypersonic  regime  are  not  possible. 
Tin*  experimental  program  is  being'  carried  out  in  a  3  ft  .  x  4  ft .  continuous  wind  tunnel  where  an 
extensive  set  of  bodies,  controls,  and  wing  combinations  are  being  examined  in  a  very  methodical 
framework.  There  are  problems  concerning  boundary  layer  transition  which,  in  these  tests,  is  fixed 
at  the  nose  of  the  body  and  at  the  leading  edge  of  wings.  Therefore,  some  question  exists  as  to  the 
boundary  layer  conditions  which  are  clearly  turbulent  in  this  Mach  number  range.  Comparisons  of  the 
results  of  the  Ruler  calculations  and  some  of  the  experiments  are  presented  in  detail.  Quite 
reasonable  results  are  obtained  in  some  regions,  while  significant  differences  are  noted  in  other 
rog Lons ,  primarily  where  viscous  effects  become  important. 

PAPER  DC .  PERRIER  and  C AUPENNK  gave  a  review  of  the  concept  of  the  aerodynamics  and  thermo 
dynamics  of  Hermes,  tie-  French  proposal  for  a  vehicle  to  go  into  orhit  and  return.  Comparison  of 

the  Shuttle  and  Hermes  flight  programs  and  general  charact er ist ics  were  detailed.  The  Hermes  is 
about  ha l f  the  si/e  of  the  shuttle  and  is  designed  to  land  in  Europe.  It,  therefore,  requires  a 
'■■omewbat  better  1  D  and  better  handling  characteristics,  in  particular,  a  considerable  lower 
approach  speed.  The  small  size  increases  the  heat  transfer  and  stability  problems.  The  authors 
outlined  a  series  of  wind  tunnel  tests  which  are  being  considered,  including  < ryogen ical ly  cooled 
models  to  simulate  wall  cooling  effects.  They  discussed  the  "model izat ion”  using  CFD  which  they 
help-vo  was  required  to  reduce  the  risk  of  poor  pre  flight  prediction  and  to  reduce  the  cost  of 
design.  They  also  presented  the  methodology  of  the  development  which  included  two  flight  demonstra 
tors  and  a  proposed  flight  of  Hermes  in  1902.  The  authors  stressed  the  research  and  technology 

needs  and  asked  the  group  to  consider  a  workshop  near  the  end  of  1988,  sponsored  by  ESA.  Eight 
topics  we  e  suggested  as  important  elements: 

1  Comparison  of  exper  iment  to  experiment,  CFD  to  »»\per  iment,  and  CFD  to  CFD  hv 
cCher  techniques, 

2  low  Reynolds  number  and  rarefield  flows,  which  was  the  responsibility  of  CNRS , 

3‘  Real  gas  effects  which  would  be  studied  by  the  Australians, 

1  Boundary  layer  shock  wave  interactions  would  be  the  responsibility  of  ONERA, 

5  Corner  flow  problems  to  be  studied  by  DFVI.R, 

Ci  T.eeside  flows  to  be  considered  by  FFA, 

7'  Chemistry  to  he  carried  out  by  FCD, 

8  Transition  to  be  the  responsibility  of  ONERA. 

PAPER  94.  WAKE  discussed  the  hypersonic  aerodynamics  for  HOTOI,,  a  British  vehicle  proposed  to 
fly  into  orbit  and  return.  Comparison  of  the  Shuttle  and  proposed  HOTOI.  trajectories  were  dis 
cussed,  noting  that  the  re-entry  conditions  were  the  critical  ones.  The  author  discussed  the 
"infernal"  triangle,  which  limited  the  range*  of  possibilities  for  such  a  vehicle.  The  elements  are: 

1  trim,  2)  cross  range  requ i rements ,  and  3)  heating  limitations.  The  proposed  HOTOI.  program  is 
currently  in  a  two-year  study  phase  which,  if  successful,  will  lead  to  a  five  year  enabling  tech¬ 
nology  program  to  optimize  the  design  for  possible  flight  in  1998.  The  present,  concept  uses  a 
unique  air  breathing  system  (which  was  not  discussed)  for  Mach  number  up  to  about  5,  and  then 
converts  to  rocket  propulsion.  Wind  tunnel  tests  of  inlets  arc*  currently  being  carried  out  at  about 
n  Mach  number  of  4.  The  author  laid  out  the  aerodynamic  technology  requirements  as  they  were 
currently  seen  in  both  the  continuum  and  rarefied  flow  regime,  noting  the  regions  which  needed  major 
work  for  successful  completion  of  the  program. 

General  Comments  on  Session  V  -  Part  2 

The*  papers  of  this  session  began  to  discuss  the  real  problems  of  the  design  of  hypersonic: 
vehicles.  This  requires  a  combination  of  aerodynamics,  heat  transfer,  dynamics  and  control,  and 
propulsion.  The  most  soph i seat ed  codes  of  the  researchers  were  no  longer  applicable,  and  the  more 
easily  used  approximate  methods,  which  had  some  validation  in  data  sets,  provided  the  realism  needed 
for  design.  Ground  tests,  flight  tests,  simulation,  and  computation  are  all  used  and  even  then,  not 
sufficient,  well  established  bases  for  design  are  really  available.  The  discussion  of  real  vehi 
c]es,  such  as  HFlfMFS  and  HOTOI.,  c  learly  demons  1  rated  the  crucial  engineering  details  which  are 
needed  for  the  design  of  such  vehicles. 


1.  REVIEWERS  CONCLUSIONS 


The  Symposium  on  '’Aerodynamic  of  Hypersonic  Lifting  Vehicles"  provided  many  excellent  papers, 
although  only  a  few  were  focussed  on  "Hypersonics"  rather  than  "Supersonics" .  This  is  probably  a 
very  realistic  view  of  the  "state  of  the  art"  as  of  1987.  There  were  noticable  gaps  in  the  material 
presented.  Particularly  important  was  the  lack  of  high  Mach  number  high  enthalpy  experimental 
data,  and  hypersonic  boundary  layer  studies.  Both  of  these  could  be  due  to  the  lack  of  facilities, 
operational  in  the  hypersonic  range,  over  the  past  decade.  There  was  also  a  noticeable  lack  of 
analytic  papers,  hut  a  wealth  of  papers  on  computation.  The  major  analytic  studies  of  hypersonics 
of  the  1950’s  and  1960’s  seem  to  be  either  unknown,  or  unused.  They  could  be  significant  facturs  in 
extrapolating  the  high  supersonic  area  studies  to  hypersonic  conditions. 

With  regards  to  the  facilities,  there  was  very  little  which  seemed  to  be  connected  with  the 
problems  of  hypersonics,  as  we  see  them  now,  rather  than  attempts  to  resurrect  facilities  designed 
thirty  and  forty  years  ago.  Although  many  of  these  facilities  would  be  useful  for  testing,  there 
are  serious  question  as  to  whether  the  problems  of  hypersonics  are  the  main  drivers  for  new  facil¬ 
ities  and  new  concepts  of  experimental  studies.  An  exception  to  this  statement  is  the  work  of 
STALKER  in  Australia.  Clearly,  facilities  and  the  ability  to  get  crucial  data  will  be  a  major 
limitation  to  future  progress.  The  discussion  of  facilities  seems  to  be  primarily  based  on  attempts 
to  get  full  duplication  of  hypersonic  flight  conditions.  The  reviewer  suggests  that  a  more  useful, 
and  perhaps  practical,  effort  would  be  to  attempt  to  simulate  key  elements  of  hypersonics  and  try  to 
provide  information  on  the  fundamental  physics,  data  for  modelling  and,  most  important,  data  for 
computational  validation.  Many  opportunities  in  this  area  are  within  reach. 

The  reviewer  was  concerned  about  the  lack  of  emphasis  on  hypersonic  boundary  layer  characteris¬ 
tics.  There  seemed  to  be  little  in  the  way  of  fundamental  work  on  boundary  layers.  Problems  of 
transition  (initiation,  characteristics,  length!,  wall  cooling  effects,  effects  of  gradients  and 
three  dimensional  flows,  and  the  effects  of  chemistry  on  "aerodynamic"  boundary  layer  data  and 
calculations  are  important  elements  of  hypersonic  design.  There  are  major  questions  on  how  the 
experiments  and  knowledge  of  low  speed  and  supersonic  boundary  layers  can  be  extended  to  hyper 
sonics.  The  problems  of  turbulence  modelling,  for  both  boundary  layer  and  shear  layers  a  key 
clement  in  mixing  problems  for  cembust i on )  did  not  seem  to  get  the  attention  which  the  reviewer 
felt  the  area  warranted.  The  problems  of  real  gases,  not  only  for  calculations  but  to  evaluate  the 

effects  on  the  boundary  layers,  was  attempted  in  only  a  few  papers.  This  effect,  and  the  problems 

of  low  density,  were  onLy  a  small  part  of  a  present  program  and  should  command  major  attention  m 
tile  near  future. 

Although  there  were  several  papers  on  ^onf igurrt ions,  the  real  problem  of  hypersonic  vehicle 
design  is  the  integration  and  interaction  of  the  power  plant,  heat  transfer,  aerodynamics,  stahi 
litv  and  control,  and  materials  and  structures.  Those  arc  .,11  strongly  interactive  in  hypersonic 

vehicle  design.  A  few  of  the  papers  began  to  approach  this  problem,  but  only  the  real  vehicle 

designers  are  f’oned  to  face  this  total  integration,  a  unique  arid  very  strong  factor  .n  the  design 
of  hypersonic  vehicle. 

In  retrospect,  the  reviewer  believes  the  program  might  have  been  helped  with  a  .significant 
"tutorial”  or  "overview"  of  hypersonics  problems.  Such  an  overview  could  have  focussed  the  attention 
on  hypersonic  problems,  as  compared  to  supersonic  problems.  Some  prospective  of  the  past,  what  is 
known  and  what  is  unknown,  would  have  been  helpful.  Several  papers  included  some  elements  of  such  a 
perspective,  but  a  major  introductory  paper  might  have  been  of  significant  help  to  the  di\ers*- 
groups  at  the  meet ing. 

Clearly  the  topic’  of  Hypersonic  Aerodynamics  deserves  continuing  further  attention  by  the*  AGARI) 
community  since  it  will  continue  to  be  a  topic  of  major  concern  to  many  nations.  The  subject 
Symposium  provided  an  excellent  first  step  in  what  the  reviewer  believes  should  be  a  tontinumg 
series  of  meetings  focussed  on  aspects  of  hypersonic  flight. 
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